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                \begin{document}$$A_\text {FB}$$\end{document}$ originates only from valence-quark production channels and is diluted by events where the antiquark carries a larger momentum than the quark. A dependence of the "true" and diluted $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_\text {FB}$$\end{document}$ on dilepton mass for different $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{q} \overline{\mathrm{q}} $$\end{document}$ production channels and their sum is shown in Fig. [1](#Fig1){ref-type="fig"}.
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The CMS detector {#Sec2}
================

The central feature of the CMS apparatus is a superconducting solenoid of 6$\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$ coverage provided by the barrel and endcap detectors. Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid. A more detailed description of the CMS detector can be found in Ref. \[[@CR18]\].
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The electromagnetic calorimeter consists of 75 848 lead tungstate crystals that provide a coverage of $\documentclass[12pt]{minimal}
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                \begin{document}$$1.48< |\eta | < 3.00$$\end{document}$ in the two endcap regions. Preshower detectors consisting of two planes of silicon sensors, interleaved with a total of 3 radiation lengths of lead, are located in front of each endcap detector. The electron momentum is obtained by combining the energy measurement in the ECAL with that in the tracker. The momentum resolution for electrons with $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{Z} \rightarrow \mathrm {e}\mathrm {e}$$\end{document}$ decays, ranges from 1.7% for nonshowering electrons in the barrel region, to 4.5% for showering electrons in the endcaps \[[@CR20]\].

Events of interest are selected using a two-tiered trigger system \[[@CR21]\]. The first level, consisting of custom hardware processors, uses information from the calorimeters and muon detectors to select events at a rate of about 100$\documentclass[12pt]{minimal}
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Data and simulated events {#Sec3}
=========================
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                \begin{document}$$\sqrt{s}=8\,\text {TeV} $$\end{document}$ recorded by the CMS Experiment in 2012, corresponding to integrated luminosities of 18.8 and $\documentclass[12pt]{minimal}
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                \begin{document}$$19.6{{\,\text {fb}^{-1}}} $$\end{document}$ for muon and electron channels, respectively.

Candidates for the dimuon channel are collected using an isolated single-muon trigger with a $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | <2.1$$\end{document}$. We do not use these events, and the integrated luminosity in the dimuon analysis is therefore somewhat smaller than for dielectrons. Background contamination is reduced by applying identification and isolation criteria to the reconstructed muons. First, muon tracks are required to be reconstructed independently in the inner tracker and in the outer muon detectors. A global fit to the momentum, including both tracker and muon detector hits, must have a fitted $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi ^2/\text {dof}<10$$\end{document}$, where dof stands for the degrees of freedom. Muon tracks are required to pass within a transverse distance of $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi $$\end{document}$ being the azimuth in radians). The track isolation requirement is insensitive to contributions from additional soft $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} >25\,\text {GeV} $$\end{document}$ is required to trigger the event. For the Drell--Yan signal, the two leptons are required to have opposite sign (OS).

Dielectron candidates are collected using a single-electron trigger with a $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | <2.5$$\end{document}$. Variables pertaining to the energy distribution in electromagnetic showers and to impact parameters of inner tracks are used to separate prompt electrons from electrons originating from photon conversions in detector material. The jet background from SM events produced through quantum chromodynamics (QCD) is referred to as multijet production. A particle-flow (PF) event reconstruction algorithm is used to identify different particle types (photons, electrons, muons, and charged and neutral hadrons \[[@CR22]\]). The scalar-$\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta R<0.3$$\end{document}$ around the electron direction is required to be less than 15% of the electron $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$, which reduces the background from hadrons in multijet events that are reconstructed incorrectly as electrons. This sum is corrected for contributions from pileup \[[@CR20]\]. The electron momentum is evaluated by combining the energy in the ECAL with the momentum in the tracker. To ensure good reconstruction, the coverage is restricted to $\documentclass[12pt]{minimal}
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                \begin{document}$$1.44<|\eta | <1.57$$\end{document}$ between the ECAL barrel and endcap detectors, as electron reconstruction in this region is not optimal. Dielectron candidates are selected when at least two OS electrons pass all quality requirements. The leading and next-to-leading electrons must have respectively $\documentclass[12pt]{minimal}
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A total of about 8.2 million dimuon and 4.9 million dielectron candidate events are selected for further analysis. The number of dielectron events is smaller because of the higher $\documentclass[12pt]{minimal}
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Monte Carlo (MC) simulation is used to model signal and background processes. The signal as well as the single-boson and top quark backgrounds are based on next-to-leading order (NLO) matrix elements implemented in the [powheg]{.smallcaps}  v1 event generator \[[@CR24]--[@CR27]\] using the CT10 \[[@CR28]\] PDFs. The generator is interfaced to [pythia]{.smallcaps}  6.426 \[[@CR29]\] using the Z2\* \[[@CR30], [@CR31]\] underlying event tune, which generates the parton showering, the hadronization, and the electromagnetic final-state radiation (FSR). The background events from $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau $$\end{document}$ lepton decays are simulated with [tauola]{.smallcaps} 2.7 \[[@CR32]\]. Diboson and multijet background events are generated with [pythia]{.smallcaps} 6 using the CTEQ6L1 PDFs \[[@CR33]\]. Simulated minimum-bias events are superimposed on the hard-interaction events to model the effects from pileup. The detector response to all particles is simulated through [Geant4]{.smallcaps}  \[[@CR34]\], and all final-state objects are reconstructed using the same algorithms used for data.

Corrections and backgrounds {#Sec4}
===========================

The MC simulations are corrected to improve the modeling of the data. First, weight factors are applied to all simulated events to match the pileup distribution in data, which consists of roughly 20 interactions per crossing. These weights are based on the measured instantaneous luminosity and the total inelastic cross section that provides a good description of the average number of reconstructed vertices.

The total lepton-selection efficiency is factorized into the product of reconstruction, identification, isolation, and trigger efficiencies, with each component measured in samples of $\documentclass[12pt]{minimal}
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A similar procedure is followed for electrons to reduce the small residual difference between the data and MC simulation. Unlike for muons, the measured electron energy is dominated by the calorimeter, and the corrections are extracted identically for electrons and positrons. The electron energy-scale parameters are fine-tuned by correcting the average dielectron mass in each bin of electron $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi $$\end{document}$ to the corresponding "reference" values. Here, the "reference" distributions are based on the generated electrons (post FSR), combined with the FSR photons in a cone, and smeared by the reconstructed energy resolution.

The EW and top quark backgrounds are estimated using MC simulations based on the cross sections calculated at next-to-the-next-to-leading order in QCD \[[@CR37], [@CR38]\] and normalized to the integrated luminosity. We use cross sections calculated at NLO for the diboson backgrounds. The multijet background in dimuon events, dominated by muons from heavy-flavor hadron decays, is evaluated using same-sign (SS) dimuon events. A small EW and top quark contamination is evaluated in an MC simulation and subtracted from the SS sample. The distributions are then scaled by roughly a factor of 2, estimated from simulated events, to obtain the multijet contamination in the signal OS dimuon sample. The multijet background in the dielectron analysis is evaluated using the SS sample in combination with the $\documentclass[12pt]{minimal}
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                \begin{document}$$\cos \theta ^{*}$$\end{document}$ distributions in three of the six rapidity bins are shown in Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}, respectively. The figures include lepton momentum and efficiency corrections, background samples normalized as described above, and the signal normalized to the total expected number of events in the data.
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As introduced in Sect. [1](#Sec1){ref-type="sec"}, the LO angular distribution of dilepton events has a $\documentclass[12pt]{minimal}
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We extract $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sin ^2\theta ^{\ell }_{\text {eff}}$$\end{document}$ by fitting the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_\text {FB}$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(m_{\ell \ell },y_{\ell \ell })$$\end{document}$ distribution in data with the theoretical predictions. The default signal distributions are based on the [powheg]{.smallcaps}  v2 event generator using the NNPDF3.0 PDFs \[[@CR17]\]. The [powheg]{.smallcaps} generator is interfaced with [pythia]{.smallcaps}  8 \[[@CR16]\] and the CUETP8M1 \[[@CR31]\] underlying event tune to provide parton showering and hadronization, including electromagnetic FSR. The dependence on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sin ^2\theta ^{\ell }_{\text {eff}}$$\end{document}$, on the renormalization and factorization scales, and on the PDFs is modeled through the [powheg]{.smallcaps} MC generator that provides matrix-element-based, event-by-event weights for each change in these parameters. The distributions are modified to different values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sin ^2\theta ^{\ell }_{\text {eff}}$$\end{document}$ by weighting each event in the full simulation by the ratio of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\cos \theta ^{*}$$\end{document}$ distributions obtained with the modified and default configurations in each $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(m_{\ell \ell },y_{\ell \ell })$$\end{document}$ bin. The uncertainties in the simulation of the detector have a small effect because $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_\text {FB}$$\end{document}$ is extracted through the angular event-weighting technique that is insensitive to efficiency and acceptance.Table 1Summary of statistical uncertainties in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sin ^2\theta ^{\ell }_{\text {eff}}$$\end{document}$. The statistical uncertainties in the lepton-selection efficiency and in the calibration coefficients in data are included in the estimatesChannelStatistical uncertaintyMuons0.00044Electrons0.00060Combined0.00036

Fig. 4Comparison between data and best-fit $\documentclass[12pt]{minimal}
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Table [1](#Tab1){ref-type="table"} summarizes the statistical uncertainty in the extracted $\documentclass[12pt]{minimal}
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Experimental systematic uncertainties {#Sec7}
=====================================

The experimental sources of systematic uncertainty reflect the statistical uncertainties in the simulated events, corrections to lepton-selection efficiency, and to the lepton-momentum scale and resolution, background subtraction, and modeling of pileup. For electrons, the selection efficiencies, which have no dependence on charge, cancel to first order, since we are using the angular event-weighting technique.

Statistical uncertainties in MC simulated events {#Sec8}
------------------------------------------------

To reduce the statistical uncertainties associated with the limited number of events in the signal MC samples, which include simulation of detector response and lepton reconstruction, the generated $\documentclass[12pt]{minimal}
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Lepton selection efficiencies {#Sec9}
-----------------------------

Several sources of uncertainty are considered in measuring of efficiencies. The statistical uncertainties in the lepton-selection efficiencies, evaluated through studies of pseudo-experiments, are included in the combined statistical uncertainty of the measured $\documentclass[12pt]{minimal}
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Combined scale factors for muon reconstruction, identification, and isolation efficiencies are changed by 0.5%, and trigger-selection efficiency scale factors by 0.2%, coherently for all bins for both positive and negative lepton charges. These take into account uncertainties associated with the tag-and-probe method, and are evaluated by changing signal and background models for dimuon mass distributions, levels of backgrounds, the dimuon mass range, and binning used in the fits. These uncertainties are considered fully correlated between the two charges, and therefore have a negligible impact on the measurement of $\documentclass[12pt]{minimal}
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In a similar way as for muons, the scale factors for electron reconstruction, identification, and trigger-selection efficiencies are changed coherently within their uncertainties in all $\documentclass[12pt]{minimal}
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Lepton momentum calibration {#Sec10}
---------------------------

The statistical uncertainties in the parameters used to calibrate lepton momentum, described in Sect. [4](#Sec4){ref-type="sec"}, are included in the combined statistical uncertainty. The theoretical uncertainties, discussed in Sect. [8](#Sec13){ref-type="sec"}, are also propagated to the reference distributions used to extract the coefficients in the lepton momentum calibration.

When evaluating the average dimuon masses to extract the $\documentclass[12pt]{minimal}
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Similarly, the windows in the dielectron invariant mass used to extract the electron momentum-correction factors are changed to estimate the corresponding systematic uncertainty. And consider additional independent sources of systematic uncertainty from the modeling of pileup, background estimation, and bias in the dielecton mass-fitting procedure. The size of the EW corrections in the extracted electron energy-calibration coefficients is estimated by modifying reference dielectron mass distributions through the weight factors obtained with [zgrad]{.smallcaps} \[[@CR42]\]. All these systematic uncertainties are found to be rather small. The dominant uncertainty originates from the full corrections to the electron energy resolution, which improve the agreement between data and simulated dielectron mass distributions. The total systematic uncertainty in the extracted value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sin ^2\theta ^{\ell }_{\text {eff}}$$\end{document}$ due to both the electron energy scale and resolution is $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\pm 0.00019$$\end{document}$.

Background {#Sec11}
----------

The systematic uncertainties in the estimated background are evaluated as follows. The normalizations of the top quark and $\documentclass[12pt]{minimal}
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Pileup {#Sec12}
------

To take into account the uncertainty originating from differences in pileup between data and simulation, we change the total inelastic cross section by $\documentclass[12pt]{minimal}
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All the above systematic uncertainties are summarized in Table [2](#Tab2){ref-type="table"}.

Theoretical systematic uncertainties {#Sec13}
====================================

We investigate sources of systematic uncertainty in modeling the MC templates. For each change in the model, we rederive the reference distributions described in Sect. [4](#Sec4){ref-type="sec"} to adjust the lepton momentum calibration coefficients. As a baseline, the signal MC events are weighted to match the $\documentclass[12pt]{minimal}
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                \begin{document}$$\sin ^2\theta ^{\ell }_{\text {eff}}$$\end{document}$SourceMuonsElectronsSize of MC event sample0.000150.00033Lepton selection efficiency0.000050.00004Lepton momentum calibration0.000080.00019Background subtraction0.000030.00005Modeling of pileup0.000030.00002Total0.000180.00039

The renormalization and factorization scales, $\documentclass[12pt]{minimal}
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Uncertainties in the PDFs {#Sec14}
=========================
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Figure [7](#Fig7){ref-type="fig"} shows the extracted $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi ^2$$\end{document}$-reweighted (bottom) replicas. The horizontal error bars include contributions from statistical, experimental, and PDF uncertainties Fig. 9Comparison of the measured $\documentclass[12pt]{minimal}
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                \begin{document}$$\sin ^2\theta ^{\ell }_{\text {eff}}$$\end{document}$ in the muon and electron channels and their combination, with previous LEP, SLD, Tevatron, and LHC measurements. The shaded band corresponds to the combination of the LEP and SLD measurements

We have also studied the PDFs represented by Hessian eigenvectors using the CT10 \[[@CR28]\], CT14 \[[@CR51]\], and MMHT2014 \[[@CR52]\] PDFs in an analysis performed in the dimuon channel. First, we generate the replica predictions (*i*) for each observable *O* for the Hessian eigensets (*k*):$$\documentclass[12pt]{minimal}
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                \begin{document}$$R_{ik}$$\end{document}$ are random numbers sampled from the normal distribution with a mean of 0 and a standard deviation of unity. Then, the same technique is applied as used in the NNPDF analysis. The results of fits for these PDFs are summarized in Fig. [8](#Fig8){ref-type="fig"}. After Bayesian $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi ^2$$\end{document}$ reweighting the central predictions for all PDFs are closer to each other, and the corresponding uncertainties are significantly reduced. The result using CT14 is within about 1/3 of the PDF uncertainty of the NNPDF3.0 result in the muon channel, whereas the MMHT2014 set yields a smaller $\documentclass[12pt]{minimal}
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                \begin{document}$$\sin ^2\theta ^{\ell }_{\text {eff}}$$\end{document}$ value by about one standard deviation. Some of these differences can be reduced by adding more data (e.g. including the electron channel, which is not considered in this check). Some can be attributed to the residual differences in the valence and sea quark distributions, which are not fully constrained using the $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi ^2$$\end{document}$ values with the CT14 and MMHT2014 PDF sets are 21.3 and 21.4, respectively. We also constructed a combined set from same number of replicas of NNPDF3.0, CT14, and MMHT2014 PDFs, and after including the data from the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {W}$$\end{document}$ charge asymmetry in the PDF reweighting, we find the combined weighted average in the dimuon channel differs from the NNPDF3.0 result by only 0.00009, and the standard deviation only increases from 0.00032 to 0.00036. Consequently, for our quoted results we use only the NNPDF3.0 PDF set, which is used in both dimuon and dielectron analyses.

As an additional test, for the case of Hessian PDFs (including the Hessian NNPDF3.0 \[[@CR53]\]) we perform a simultaneous $\documentclass[12pt]{minimal}
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                \begin{document}$$\sin ^2\theta ^{\ell }_{\text {eff}}$$\end{document}$ and all PDF nuisance parameters representing the variations for each eigenvector. As expected for Gaussian distributions, we obtain the same central values and the total uncertainties that are extracted from Bayesian reweighting of the corresponding set of replicas.

Finally, as a cross-check, we also repeat the measurement using different mass windows for extracting $\documentclass[12pt]{minimal}
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                \begin{document}$$(95<m_{\mu \mu }<120\,\text {GeV})$$\end{document}$ dimuon mass bins, to constrain the PDFs. We find that the statistical uncertainty increases by only about 10%, and the PDF uncertainty increases by only about 6% relative to the uncertainties obtained when using the full mass range to extract the $\documentclass[12pt]{minimal}
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                \begin{document}$$\sin ^2\theta ^{\ell }_{\text {eff}}$$\end{document}$ and simultaneously constrain the PDFs. The test thereby confirms that the PDF uncertainties are constrained mainly by the high- and low-mass bins, and that we obtain consistent results with these two approaches.

Summary {#Sec15}
=======

The effective leptonic mixing angle, $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {p}\mathrm {p}\rightarrow \mathrm{Z}/\gamma \rightarrow \ell \ell $$\end{document}$ process at leading electroweak order, where the weak mixing angle is interpreted through the improved Born approximation as the effective angle incorporating higher-order corrections. With more data and new analysis techniques, including precise lepton-momentum calibration, angular event weighting, and additional constraints on PDFs, the statistical and systematic uncertainties are significantly reduced relative to previous CMS measurements. The combined result from the dielectron and dimuon channels is:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \sin ^2\theta ^{\ell }_{\text {eff}}= & {} 0.23101 \pm 0.00036\,\text {(stat)} \pm 0.00018\,\text {(syst)} \nonumber \\&\pm 0.00016\,\text {(theo)} \pm 0.00031\,(\text {PDF}), \end{aligned}$$\end{document}$$or summing the uncertainties in quadrature,$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \sin ^2\theta ^{\ell }_{\text {eff}} =0.23101\pm 0.00053. \end{aligned}$$\end{document}$$A comparison of the extracted $\documentclass[12pt]{minimal}
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                \begin{document}$$\sin ^2\theta ^{\ell }_{\text {eff}}$$\end{document}$ with previous results from LEP, SLC, Tevatron, and LHC, shown in Fig. [9](#Fig9){ref-type="fig"}, indicates consistency with the mean of the most precise LEP and SLD results, as well as with the other measurements.
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